The influence of charged phospholipid membranes on the conformational state of the water-soluble fragment of cytochrome b 5 has been investigated by a variety of techniques at neutral pH. The results of this work provide the first evidence that aqueous solutions with high phospholipid/protein molar ratios (pH 7.2) induce the cytochrome to undergo a structural transition from the native conformation to an intermediate state with molten-globule like properties that occur in the presence of an artificial membrane surface and that leads to binding of the protein to the membrane. At other phospholipid/protein ratios, equilibrium was observed between cytochrome free in solution and cytochrome bound to the surface of vesicles. Inhibition of protein binding to the vesicles with increasing ionic strength indicated for the most part an electrostatic contribution to the stability of cytochrome b 5 \vesicle interactions at pH 7.2. The possible physiological role of membrane-induced conformational change in the structure of cytochrome b 5 upon the interaction with its redox partners is discussed.
Introduction
The involvement of non-native intermediate protein states such as the molten globule [1] in some cellular processes is well known. Processes in which molten-globule states are believed to participate include translocation of proteins across membranes, protein-protein interactions, and protein degradation. Assuming that cytoplasmic proteins occur predominantly in the native state, the question arises concerning the mechanism by which the corresponding molten-globule states are formed. In cells, a variety of situations occur in which proteins are exposed to a denaturing environment as may be presented, for example, by low pH (as occurs in some organelles), heat shock or various membrane structures (especially negatively charged membranes) [2] . The physical basis for the denaturing action of membrane surfaces is a local, moderate decrease in pH and, probably more important, local, moderate decrease of dielectric constant that will enhance electrostatic interactions near a membrane surface. A simple approach to modeling these conditions has been proposed in which proteins are exposed to water-alcohol mixtures at moderately low pH [3] . This strategy was proposed because only alcohols denature proteins in proportion to the decrease in dielectric constant of water-alcohol mixtures [4, 5] .
To evaluate this hypothesis, several proteins that function near a membrane surface and that vary in their net electrostatic charge have been studied to assess the structural consequences of moderate changes in both pH and dielectric constant, and this behavior has been compared to the behavior of these proteins near phospholipid membranes. Proteins used in these studies include (a) the nearly neutral retinol-binding protein [6, 7] that transports vitamin A, (b) positively charged cytochrome c [3, [8] [9] [10] [11] that functions in the intermembrane space of mitochondria, and (c) neutral apo- [12, 13] and holomyoglobins ( [14, 15] and Basova et al., manuscript in preparation) that are involved in dioxygen transport. Recently, similar studies have been initiated with the negatively charged, water-soluble hemebinding domain of cytochrome b 5 (wsCyt b 5 ) that functions as an electron donor for redox enzymes located on the surface of the endoplasmic reticulum in which the structural consequences of exposure of the wsCyt b 5 to water-methanol mixtures [16] and water-isopropanol mixtures (unpublished data) have been evaluated.
The current report presents the experimental characterization of the water-soluble fragment of cyt b 5 in the presence and absence of phospholipid vesicles. The results provide the first evidence that proximity to a negatively charged membrane surface can destabilize the structure of wsCyt b 5 at neutral pH and facilitate its transition into a more flexible conformational state with molten globule-like properties. This more flexible state of the protein is the form that interacts with the artificial membrane surface. Although natural membrane surfaces are more complex than those of phospholipid vesicles, results obtained with them should reflect the changes in protein tertiary structure to be expected for proteins that function near a membrane surface.
WsCyt b 5 is similar to myoglobin in that heme binds noncovalently to the apo-protein, but it differs in that the net charge on the cytochrome is large and negative rather than almost neutral. Cyt b 5 is a small, heme-containing, two-domain membrane protein (16 kDa) [17] comprised of a hydrophilic hemebinding domain and a hydrophobic C-terminal membranebinding domain that anchors the protein to the endoplasmic reticulum. The hydrophilic heme-binding domain is solely responsible for the electron-transfer functions of the protein. The heme-binding domain of the microsomal cytochrome can be isolated as a water-soluble protein (∼ 10 kDa) following tryptic hydrolysis of the membrane-binding form of the cytochrome [18, 19] . The structure and electron-transfer properties of this soluble domain have been studied extensively [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The negatively charged residues at the surface of cytochrome b 5 near the partially-exposed heme edge are well conserved among various species of microsomal cytochrome b 5 , and these residues participate [30] in the interactions with other electrontransfer proteins and enzymes to which the cytochrome transfers electrons [31] , which are mainly membrane proteins.
As indicated above, binding of full-length cyt b 5 to membranes is mediated by a hydrophobic C-terminal sequence that is separated from the hydrophilic, heme-binding domain by 10 amino acid residues so that the heme-binding domain must reside in proximity to the membrane surface [17, 32, 33] . In the erythrocyte, however, most of the cyt b 5 is not membrane bound and is found in the cytoplasm. This form of the protein is reduced by methemoglobin reductase (which is actually a cyt b 5 reductase [34, 35] ) and reduced erythrocytic cyt b 5 then reduces methemoglobin to deoxyhemoglobin to return the oxidized protein to the form that is required for dioxygen transport [36] . In addition to the microsomal cytochrome, a mitochondrial form of cyt b 5 has been identified [37, 38] . Though this cytochrome is very similar to the microsomal cytochrome, the two proteins exhibit slightly different electron-transfer properties [39] and different heme-binding orientation disorder equilibria [40, 41] . All these forms of cyt b 5 participate in several reactions [31, 36, [42] [43] [44] , many of which occur at or near membrane surfaces and all of which involve protein-protein interactions.
Thus, we propose that the tertiary structure of the wsCyt b 5 may be affected by the presence of membrane surfaces and that these structural changes could influence the interaction of the cytochrome domain with its partners, e.g., cyt b 5 -reductase [45] , cyt P450 [46, 47] . It should be emphasized that previous studies indicated that the water-soluble fragment of cyt b 5 does not bind to neutral membranes composed from DOPC [20] . Thus, the current study considers the possible interaction of this protein under conditions, where wsCyt b 5 is in the native state (at pH 7.2 and 5.5), with negatively charged phospholipid membranes as models of the membrane surfaces which might facilitate conformational changes in protein structure and the interactions of cytoplasmic domains of redox partners. Previously, we investigated the effect of pH-induced denaturation of wsCyt b 5 [48] to evaluate the possible structural consequences of the suggestion that the pH can decrease at least 2 pH units near membrane surfaces [49] . If this proposal is correct, the native cytochrome structure should dominate at pH 7.2 in the presence of a phospholipid membrane surface, but at pH 5.5 the model membrane should induce the protein to form an intermediate molten globule-like state similar to that observed in aqueous solution at pH 3.0 [48] . The side-chain packing and protein tertiary structure (near-UV CD spectra), thermal stability (differential scanning calorimetry), integrity of the heme-binding pocket (Soret absorbance), the integrity of the environment of the Trp side chain (fluorescence emission spectrum), and secondary structure (far-UV CD spectra) were monitored by the methods indicated to assess the structural response of the cytochrome to exposure to phospholipid membranes.
Materials and methods

Protein preparation
The recombinant, water-soluble heme-binding domain of cyt b 5 was expressed in Escherichia coli and purified by ion exchange [50] and gel-filtration (Ultrogel AcA 54 (IBF BioTechnics, France) chromatography. Cytochromecontaining fractions with an absorbance ratio А 412 /А 280 ≥ 5.0 were collected, and protein purity (≥98%) was verified by gel electrophoresis under denaturing conditions. The concentration of wsCyt b 5 solutions was determined from the intensity of the Soret absorbance (A 412 = 117,000 M − 1 cm − 1 [17] , or A 412 = 10.8 for 1 mg/ml/cm) with a Shimadzu UV-1601 spectrophotometer (Japan). The completely unfolded state (U) of wsCyt b 5 was obtained in 6.0 M guanidinium chloride (GdmCl).
Small unilamellar vesicles (SUV) preparation
Small unilamellar vesicles (SUV) used as model membrane structures were prepared as described previously [51, 52] . SUV-like parts of cellular membranes have the most active surface (similar to the tortuous portions of the mitochondrial membrane) and can impact protein structures, if any. Two types of negatively charged phospholipids were used: 1-Palmitoyl-2-Oleyl-sn-Glycero-3-Phosphatidylglycerol (POPG; 770.99 Da) and 1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylglycerol (DPPG; 744.96 Da), and one neutral-1,2-dipalmitoyl-sn-Glycero-3-Phosphatidylcholine (DPPC; 734.05 Da), all of which were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Phosphatidylglycerol derivatives were chosen for their ability to form perfect bilayer structures, and most experiments were performed with POPG vesicles. DPPG vesicles were used only in microcalorimetric studies to visualize changes in vesicles simultaneously with protein structure melting. Phospholipids were dissolved in chloroform, which was evaporated under nitrogen and dried overnight under vacuum. The resulting film was hydrated in an aqueous buffer (0.01 M sodium phosphate, pH 7.2 and pH 5.5) by sonication at 22 kHz for 10 min with an UZDN-2T sonicator (SELMI, Ukraine) [52] . This procedure produced small unilamellar vesicles (SUV) with a diameter in the range of 300-500 Å as indicated by both dynamic light scattering and macroscopic diffusion (data not shown).
Preparation of wsCyt b 5 -vesicle mixtures
WsCyt b 5 solution was added to phospholipid vesicle suspensions to obtain mixtures with a molar ratio of phospholipids to protein that varied from 50:1 to 500:1 at pH 7.2 and from 25:1 to 200:1 at pH 5.5. Samples at high ionic strength (150 mM NaCl) were prepared by addition of sodium chloride solution (1.0 M) to premixtures of wsCyt b 5 and vesicles (after protein-vesicle complex formation) at pH 7.2. To avoid any contribution of kinetics in interaction of protein molecules and vesicles, a mixture of phospholipids vesicle suspension and wsCyt b 5 solution was kept overnight before measurements.
Differential scanning calorimetry
The thermal stability of wsCyt b 5 (0.8-1.0 mg/ml) in the presence and absence of phospholipid vesicles was evaluated and control measurements for the vesicles in buffer were obtained with a SCAL-1 differential scanning microcalorimeter (Scal Co., Pushchino, Russia) at a heating rate of 1°C/min in a 0.3-ml glass cell. The phospholipids concentration was adjusted to achieve the desired phospholipid/protein molar ratio. The resulting thermodynamic data were analyzed as described previously [53] .
Spectroscopy
The circular dichroism (CD) spectra of wsCyt b 5 in the presence and absence of phospholipid vesicles were recorded with a Jasco Model J-600 spectropolarimeter (Japan). Spectra in the far-UV region were obtained with an optical path length of 0.2 mm, and spectra in the near-UV region were obtained with an optical path length of 1 cm. Tryptophan fluorescence emission spectra (300-500 nm) of wsCyt b 5 (0.1 mg/ml) in the presence and absence of phospholipid vesicles were recorded with a Shimadzu Model RF-5301 PC spectrofluorimeter (1 cm path length) using an excitation wavelength of 293 nm. 1 H-NMR spectra of wsCyt b 5 (2.5, 5 mg/ml) were obtained in the presence and absence of phospholipid membranes with an Avance 600 spectrometer at 600 MHz (Bruker, Germany). The spectral width was 8000 Hz, 90°-pulse -10 μs, number scans -64-128.
Size exclusion chromatography
FPLC was performed with a Superdex 75 HR 10/30 column (Amersham Pharmacia Biotech, Sweden) that was equilibrated and developed (0.4 ml/min) with 10 mM sodium phosphate buffer (pH 7.2 and pH 5.5) supplemented with 150 mM NaCl. The column was calibrated with a standard protein chromatography calibration kit (Combithek, Germany). Elution of protein was monitored by UVabsorption at 280 nm, and elution of phospholipid vesicles was monitored at 226 nm.
Results
Probing the rigid tertiary structure
To study the changes in overall protein tertiary structure, thermal stability (melting) and near-UV CD spectra are the most informative initial approaches. For further insight, spectroscopic methods (e.g., fluorescence emission) are used to check changes in the immediate environment of tryptophans or prosthetic groups in different parts of the protein molecule.
Microcalorimetry
In the presence of vesicles formed from POPG at low ionic strength, pH 7.2 and a phospholipid to protein molar ratio (L/P) of 50:1 (Fig. 1, curve 2), the heat absorption peak of wsCyt b 5 is reduced relative to that of the native protein (curve 1), but the melting temperature remains nearly unchanged. This decrease in enthalpy may be explained by a decrease in the concentration of unbound protein in solution. At L/P of 100:1 ( Fig. 1, curve 3 ) and greater, no heat absorption peak is observed at pH 7.2, indicating that the tertiary structure of the protein is disrupted under these conditions.
To detect possible electrostatic interaction of wsCyt b 5 with vesicles, we studied the thermal melting of the protein with added salt. Experimental data obtained for the native protein in the absence and presence of vesicles at L/P of 50:1 and 150 mM NaCl are shown in Fig. 1 (curves 4 and 5). As can be seen, the addition of 150 mM sodium chloride to wsCyt b 5 solution has little or no influence on the melting temperature but does increase slightly the calorimetric enthalpy for the native protein. For the 50:1 molar ratio L/P addition of 150 mM NaCl after complex formation results in an increase in peak intensity ( Fig. 1 , curves 2 and 5). This observation can be explained by the release of wsCyt b 5 molecules previously bound to vesicles and restoration of the (unbound) form that melts at this temperature. The restoration of this thermally-responsive form of the protein by increasing ionic strength is confirmed by the Trp fluorescence and the Soret band absorbance observed under these conditions (data not shown).
A much different picture is observed at low ionic strength at pH 5.5 ( Fig. 1, inset) , where even at a 25:1 molar ratio (curve 2), the heat absorption peak is absent. As can be seen, both the shape and intensity of the heat absorption peak are altered under these conditions. Thus, at pH 5.5 ( Fig. 1, inset ) the rigid native protein structure is perturbed even in the absence of vesicles (curve 1) and more greatly changed in the presence of negatively charged vesicles than at pH 7.2 (see Fig. 1 ). It should be emphasized that the change in the heat absorption peak at pH 5.5 in comparison to that at pH 7.2 reflects pH-dependent destabilization of the thermal stability of the wsCyt b 5 tertiary structure, but the protein remains in the native state (see the near-UV CD spectrum at this pH, below).
The effect of phospholipids is more pronounced in the presence of DPPG vesicles at a 50:1 L/P and pH 7.2 ( Fig. 2 a) . The C p,exc value, calculated on the basis of phospholipid concentration, is in the range of that for pure phospholipid vesicles, but the heat absorption peak for the protein is drastically reduced (C p,exc value for wsCyt b 5 , calculated on the basis of total protein concentration, is very low) though still present. The second heating at pH 7.2 does not change the position of the heat absorption peak for vesicles in the presence (Fig. 2 a) or in the absence (Fig. 2 b) of the protein, but the heat absorption peak for the protein is absent from the second heating. At L/P of 100:1 and pH 7.2, the melting of vesicles coincides with that at the 50:1 ratio, but no absorption peak is observed for the protein (data not shown). On decreasing pH to 5.5, the protein-vesicle interaction is more readily apparent as seen by comparing the heat absorption peaks of vesicles in the presence (Fig. 2 c) and absence ( Fig. 2 d) of wsCyt b 5 at L/P of 25:1. In the presence of the protein, a significant difference is observed between the first and second heating of the sample while for vesicle preparations lacking protein, this difference is nearly absent (Fig. 2 d) . This result indicates that at pH 5.5 the protein-vesicle interaction is more readily evident. Such behavior may be explained by disturbance in the packing of phospholipids in the vesicle bilayer. Increase of the heat absorbance peak after the second heating may indicate the occurrence of hydrogen bonding between protein molecules and the vesicle surface at pH 5.5, and a change in the shape and position of the peak (Fig. 2 c) may reflect even hydrophobic interactions, leading to more cooperative protein-vesicle system. POPG and DPPG both exert a denaturing effect on the wsCyt b 5 structure, but the DPPG effect is slightly stronger presumably because it presents a better ordered negatively charged membrane surface than does POPG. Such a difference in membrane lipid organization is expected because DPPG contains saturated fatty acids that are capable of more efficient packing while POPG contains unsaturated fatty acid tails that are less flexible and pack in more irregular arrays. In general, however, vesicles formed by both lipids exhibit a similar denaturing influence on protein structure, but using POPG permits characterization of any interactions at one and the same liquid-crystalline phase of phospholipids bilayer at room temperature and higher.
Taken together, the changes in the shape and intensity of the heat absorption peak observed above support the conclusion that the rigid native protein structure is destabilized in the presence of negatively charged vesicles. At pH 7.2, virtually no change in the temperature range is observed for pure vesicles, which may indicate simple binding of the protein to the membrane surface. Dramatic changes in the temperature range for melting of pure vesicles at pH 5.5 may reflect protein-vesicle interactions and phospholipid packing and/or vesicle-vesicle interactions in the presence of the denatured protein, as well as the penetration of the protein into membrane bilayer. Interestingly, reducing the negative charge at the membrane surface by half (POPG:DPPC/ 1:1 phospholipids) while maintaining constant total lipid concentration results in a similar qualitative result and enhanced thermodynamic effects as evaluated by microcalorimetry. Comparison of the results obtained with POPG vesicles (Fig. 2) with those obtained for POPG/DPPC (1:1) vesicles (Fig. 3) demonstrates that the behavior observed at 25:1 and 50:1 (Fig. 3 , curves 2 and 3) L/P for the mixed vesicles is comparable to that observed at 50:1 and 100:1 for the POPG vesicles (Fig. 2, curves 2  and 3 ) at pH 7.2.
This result is not completely unexpected because wsCyt b 5 functions near the endoplasmic reticulum membrane, which is more neutral than the mitochondrial membrane. Thus, the wsCyt b 5 heme-binding domain structure may be influenced by less negative membrane surface on the more neutral regions of its molecular surface as opposed to the negatively charged region of the surface surrounding the edge of the heme where it is exposed to solvent [54] . It should be stressed that negative charges are distributed asymmetrically on the protein surface in the region where the heme edge is partially exposed to solvent [54] .
Size exclusion chromatography
From the microcalorimetric analysis, it is clear that wsCyt b 5 binds to phospholipid vesicles. Gel-chromatography provides an alternative means of detecting the binding of the wsCyt b 5 to vesicles. The results of such experiments for wsCyt b 5 in the presence of POPG vesicles at 7.2 and pH 5.5 at different molar ratio (in the presence of 150 mM NaCl) are shown in Fig. 4 . At pH 7.2 and a moderate L/P (50:1 or 200:1, curves 1 and 2, respectively), the retention time exhibited by the wsCyt b 5 is characteristic of that for the native protein while at a higher ratio (500:1, curve 3), the protein elutes together with the vesicles, reflecting the binding of the protein to the membrane surface. At pH 5.5, a similar effect is achieved at a lower phospholipid/ protein ratio, i.e. at a 100:1 ratio (curve 4), virtually all of the protein is bound to vesicles.
At a 500:1 L/P, wsCyt b 5 is completely bound to vesicles as demonstrated by the FPLC experiments (Fig. 4) . The complete set of data for these conditions is provided. Free, unbound wsCyt b 5 can be obtained only using gel-filtration chromatography. As shown in Fig. 4 , no wsCyt b 5 species other than unbound native wsCyt b 5 and wsCyt b 5 bound to vesicles is observed. Thus, upon removal of a denaturing agent (in our case the charged vesicle surface), unbound wsCyt b 5 returns to its native form.
UV CD spectroscopy
As is well known, the near-UV CD spectrum of a protein reflects the rigid packing of its amino acid side chains and, thus the tertiary structure of the protein. Consequently, changes to or elimination of spectroscopic features in this region of the spectrum indicate changes in or loss of tertiary structure. The near-UV CD spectra of wsCyt b 5 at pH 5.5 and 7.2 in the absence and in the presence of POPG vesicles are shown in Fig. 5 . The spectrum of wsCyt b 5 in the absence of vesicles at pH 7.2 has a unique shape with a number of features apparent (Fig. 5, curve  N) . The ellipticity observed for wsCyt b 5 in the presence of vesicles is reduced significantly with increasing phospholipid concentration. At pH 7.2 ( Fig. 5) , the protein structure is affected by the presence of negatively charged vesicles only at high L/P -200:1 and 500:1 (curves 2 and 3), while at pH 5.5, a similar effect is observed at an L/P ratio of just 50:1 (curve 4). This loss of ellipticity in this region of the spectrum is consistent with relaxation in side-chain packing and the loss of tertiary structure. To evaluate the character of this structural rearrangement further, additional spectroscopic studies were performed.
The observation of the heat absorption peak for wsCyt b 5 at pH 5.5 provides evidence for the presence of a rigid tertiary structure under these conditions, and the near-UV CD spectrum at pH 5.5 is identical to that observed at pH 7.2 (Fig. 5, N) , but stability of this structure is reduced.
Electronic absorption spectroscopy
The electronic spectra of wsCyt b 5 in the presence of POPG vesicles at various L/P (pH 7.2 and 5.5) are compared with the corresponding spectra of the native (N) and molten-globule (MG) forms of the protein in Fig. 6 . Both the line shape and intensity of these spectra vary with conditions. At pH 7.2 ( Fig. 6) , gradual changes are observed with increasing L/P such that the Soret band broadens and shifts to shorter wavelengths (see curves 1-3). In addition, a shoulder appears around 370-380 nm as expected with protein denaturation. However, the absorbance spectrum even at L/P of 500:1 (curve 3) is distinct from the spectrum of the molten-globule form at pH 3. Thus, with increasing L/P (pH 7.2), the heme environment becomes increasingly non-native, but heme is still bound to the protein (the unbound heme in the presence of vesicles exhibits a rather broad absorbance maximum in the 300-400 nm range) because in the MG state at pH 3.0 heme dissociated from the wsCyt b 5 . Even if heme had been dissociated completely from the protein, its hydrophobic nature would result in its accumulation in the lipid bilayer. In any case, heme is not released into aqueous solution because no precipitant was observed as would be expected at pH 3.0. Notably, increasing ionic strength in the presence of vesicles restores the Soret band (data not shown), consistent with the release of the protein from the vesicles and restoration of the heme native environment. Thus, we suggest that at pH 7.2 the dominant stabilizing interactions between wsCyt b 5 and vesicles are electrostatic.
At pH 5.5 (Fig. 6, inset) , even a 50:1 L/P ratio induces a dramatic change in the Soret spectrum (curve 1), and increasing this ratio further results in little additional change (curves 2 and 3) . Specifically, addition of phospholipid vesicles at pH 5.5 broadens and shifts the Soret maximum to 400 nm relative to the spectrum of the native protein while the intensity remains relatively high. These changes reflect profound changes in the heme environment and substantial protein denaturation. The relatively high absorbance intensity observed at this pH may reflect greater proximity of the heme to the hydrophobic region of the bilayer. Again, the shoulder at 370 nm indicates changes in the heme environment related to protein denaturation, which is substantially greater at pH 5.5. The electronic spectrum of hemin in the presence of vesicles but without protein (pH 5.5) also exhibits greater intensity relative to that of hemin in buffer alone but the maximum absorbance occurs at ∼ 380 nm (data not shown). 
Tryptophan fluorescence emission spectroscopy
The heme-binding domain of cytochrome b 5 possesses one Trp residue that is located in the β-sheet region of the protein molecule [54] , while the region of the domain that binds heme non-covalently is helical in nature. In the native protein, Trp fluorescence is strongly quenched by its proximity to the heme and other specific residues (e.g., Met, Lys, Leu) [55, 56] . The change in wsCyt b 5 Trp fluorescence that results from exposure to vesicles at various L/P and that occurs in various conformational states (N; U, MG only in Fig. 7) are presented in Fig. 7 . At pH 7.2 (Fig. 7, curves 1-3) , the intensity of Trp fluorescence gradually increases but the position of the absorption maxima remains approximately the same as in the native protein. Both the wavelength of maximum Trp fluorescence emission and the emission intensity that occur with addition of vesicles are quite different from that of unfolded state. At pH 5.5 (Fig. 7, inset,  curves 1-3 ) the increased intensity of Trp emission is even greater than observed at pH 7.2, but as before, the emission wavelength maximum does not change. The increased Trp fluorescence intensity observed presumably arises from the increasing distance between the Trp and its quenchers and changes in their mutual orientation, i.e. protein denaturation but not complete unfolding. As suggested above, the changes in emission spectrum observed in these experiments may be explained by the compactness of the protein and a more hydrophobic environment for the Trp residue that results from proximity to the hydrophobic region of the bilayer [56] and, probably, to more intimate interaction of the protein with vesicles, especially at pH 5.5.
Native wsCyt b 5 (unbound) does not exhibit fluorescence emission by the one Trp residue, which it possesses, owing to efficient quenching by the heme. Thus, increasing Trp fluorescence intensity in the presence of charged vesicles reflects only the behavior of bound wsCyt b 5 or unbound protein with strongly destabilized tertiary structure in Trp environment. In either case, increased Trp fluorescence is observed here only in the presence of a lipid interface.
Secondary structure (far-UV CD spectroscopy)
The influence of phospholipid vesicles on far-UV CD spectra of wsCyt b 5 was evaluated at pH 7.2 and 5.5 (Fig. 8) .
Changes occur mainly at 220 nm and indicate primarily changes in α-helical content, because changes in β-structure are not observed clearly in this part of the spectrum. As seen in this figure, the far-UV CD spectra are distinct and well-structured at both values of pH in the presence of negatively charged (POPG) vesicles. However, at pH 7.2 ( Fig. 8 a, curves 1-3 ) increasing L/P induces changes in the line shape of the spectrum that are characteristic of the transition from the native to the molten globulelike intermediate. Under all conditions examined at this pH in the absence of denaturant (except unfolded state U), the presence of pronounced secondary structure in the protein is readily apparent.
At pH 5.5 ( Fig. 8 b, curves 1-3) , addition of vesicles increases the negative ellipticity evident in the spectra and induces line shape changes, even at the lowest L/P, that are typical of the molten-globule state of many proteins. Increased negative ellipticity at 220 nm indicates an increase in secondary structure content. Similar changes in the far-UV CD spectra of wsCyt b 5 are observed in the presence of high concentrations of alcohol (methanol [16] and methanol and isopropanol (unpublished data)). Such an effect can be explained by preferential binding of organic solvent to α-helical structures, i.e. enhancing the stability of hydrogen bonding within the polypeptide chain. Thus, we suggest that the increased intensity observed at 220 nm at pH 5.5 may be explained by increased protein-membrane interaction that may even involve insertion of a part of the wsCyt b 5 structure into the phospholipid bilayer. The results reported above suggest further that the loss of tertiary structure does not lead to a decrease or loss of secondary structure.
1 H-NMR Spectroscopy
To initiate more detailed spectroscopic characterization of the structural changes in wsCyt b 5 that are induced by interaction with phospholipids membranes, 1 H-NMR spectra of wsCyt b 5 (Fig. 9 ) in the native state at pH 5.5 (Fig. 9 e) and of wsCyt b 5 in the presence of vesicles have been obtained at L/P of 50:1 and pH 7.2 ( Fig. 9 a) . Control spectra of pure POPG vesicles (Fig. 9 f) and denatured wsCyt b 5 in 9 M urea (Fig. 9 b) are also shown. As can be seen, the native protein as well as wsCyt b 5 in the presence of vesicles (L/P of 50:1 and pH 7.2) exhibit specific chemical shift dispersion for aromatic groups, for heme signals in the 12-6 ppm region and for high field resonances in 1-(-3) ppm region ( Fig. 9 а, e) whereas the main resonances of pure POPG vesicles occur at 4-1 ppm (Fig. 9 f) . At L/P of 50:1 and рН 5.5, resonances in the aromatic region (Fig. 9 d) change, the number of high field resonances decreases significantly, and this region of the 1 H-NMR spectrum becomes similar to that of the molten-globule intermediate form observed in the absence of vesicles at pH 3.0 (Fig. 9 c) . NMR evidence for induction of the wsCyt b 5 molten-globule form has not been reported previously.
Discussion
Our results establish that the water-soluble heme-binding domain of cytochrome b 5 loses its rigid tertiary structure in the presence of negatively charged vesicles while retaining a distinct secondary structure and reasonable compactness. Furthermore, our results indicate that the relaxed form of the protein interacts with and binds to the artificial model membrane structure. This conclusion is consistent with our hypothesis that a membrane surface with negatively charged phospholipids can act as a mild denaturing agent in the cytoplasm and can induce formation of non-native protein conformational states in a negatively charged protein.
While the influence of a negatively charged membrane surface on the structure of a negatively charged protein can be demonstrated in studies of this type in vitro, corresponding studies under conditions that simulate the conditions that are relevant in vivo are extremely difficult to design, perform and interpret because the conditions are (a) not amenable to the experimental methods available and (b) far from ideality. Cytoplasm can be regarded as a sol-gel with total concentration of macromolecules of ∼ 350 mg/mL [57] and with up to 50% of cellular protein in the solid phase [58] . Under these conditions, the activity of water is much different from that of dilute aqueous solution, and the electrostatic contributions of charged groups of proteins are difficult to model and to quantify. Thus, although the choice and concentrations of phospholipids used in this study are not identical to those present in the relevant biological membranes, it is unlikely that phospholipids of varying chemical identity differ significantly in their electrostatic properties for the purpose of this study. In view of these other, more significant, environmental factors that are rarely if ever taken into account in studies of this type, rigorous simulation of conditions that operate in vivo is difficult if not impossible without development of new experimental techniques that are compatible with such extreme requirements.
It should be emphasized once more that negatively charged residues of wsCyt b 5 are located mainly near the heme edge and the remaining surface of wsCyt b 5 has a net charge of (−1). Thus, in principle, its structure may be influenced by negatively charged surface of vesicles upon their collisions as for other proteins. Our observation that wsCyt b 5 can exhibit structural flexibility consistent with formation of a molten globule-like state in the presence of artificial membranes may be relevant to several functional properties of this protein that have been reported previously. For example, the mechanism of cytochrome b 5 heme-binding orientation equilibration characterized in detail by La Mar and colleagues [59] [60] [61] [62] may involve formation of relaxed conformational intermediates similar to those identified here. Specifically, the initial complex formed on addition of heme to apocytochrome b 5 is a mixture of equal proportions of complexes that differ only by rotation of the heme by 180°around the α-γ mesocarbon axis. After a few minutes, equilibrium is established and 90% of the ferricytochrome exhibits one of the two-heme binding orientations. This equilibration process could reasonably be expected to involve transient conformational intermediates of the type observed in the present study.
On the other hand, the transfer of heme from ferricytochrome b 5 to apomyoglobin [63] , which may occur in the endoplasmic reticulum (ER) membrane field or close to the junction between the ER and mitochondria, presumably requires relaxation of the structures of both proteins. Similarly, a relaxed tertiary structure would facilitate the acquisition of heme by apo-wsCyt b 5 when it binds near the mitochondrial membrane or during transfer of heme from putative heme-binding (or transferring) proteins.
Conformational changes and interaction of positively charged proteins with artificial membranes are well studied. They include cytochromes type c [3, [8] [9] [10] [11] , fatty acid-binding proteins [64, 65] , toxins [66] [67] [68] , acetylcholinesterase [69] , α-lactalbumin [70] , and others. These studies show that these proteins acquire a partly folded state upon interaction with membranes. The present work reveals that even wsCyt b 5 , a highly negatively charged protein, is able to change its conformation in the presence of anionic lipid membranes, and these changes may be physiologically important.
The present studies employ artificial model systems with very simple surfaces that lack many components of true cellular membranes. As a result, our findings demonstrate trends in conformational change that a protein structure can undergo in the presence of membrane surfaces and establish the possibility of structural changes that can influence the functional properties of the protein.
Related effects have been reported from a much different experimental approach by Rivas et al. [71] who have observed electrochemical and spectroscopic changes in the properties of cytochrome c 3 located in proximity to self-assembled monolayers formed on an electrode surface. Notably, our observation that the tertiary structure of wsCyt b 5 can be affected in the presence of a charged membrane surface may have implications for electron-transfer between wsCyt b 5 and its partners. In particular, the expectation that the exclusion or reduction of the amount of water present at the interface of two electron-transfer proteins in proximity to the heme edge [72] [73] [74] [75] [76] [77] could have structural consequences at least in part related to those described in the current experiments that could influence electron-transfer kinetics. Clearly, this hypothetical/theoretical possibility merits further experimental investigation. However, it should be noted that the entropic stabilization of cytochrome b 5 -cytochrome c complex formation as the result of complex formation-induced solvent displacement was first demonstrated by titrations based on electronic difference spectroscopy over 25 years ago [74] and subsequently confirmed by isothermal titration calorimetry [75] .
In summary, the current studies demonstrate the remarkable finding that in the presence of vesicles (L/P = 50:1) under conditions that a substantial amount of wsCyt b 5 remains unbound (Fig. 4, curve 1) , the tertiary structure of the protein is significantly destabilized by the presence of anionic membranes. Specifically, while the melting temperature T d practically remains unchanged, the C p,exc maximum decreases considerably (compare Fig. 1, curve 1, and Fig. 2a, curve 2) under such conditions. These observations may have more general implications for structural consequences at the surfaces of proteinprotein electron-transfer complexes involving cytochrome b 5 and its partners in which at least partial solvent exclusion may occur prior to electron-transfer.
